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Background:  The  goal  of this  study  was  to examine  biomechanical  properties  of titanium  elastic  nail
ﬁxation  method  that  was  applied  to cadaveric  clavicles  with  different  thicknesses  and  lengths.
Methods:  To  test  stiffness  and  failure  load  of clavicle  with  titanium  elastic  nail  ﬁxation,  12  pairs  of  clavicles
were  obtained.  A short  oblique  fracture  line (AO/OTA  classiﬁcation:  15-B1.2)  was  created  at  midpoint  of
the cadaveric  bones.  They  were  divided  into  four  groups  according  to the  nails  with  different  thickness  and
length/diameter  ratios.  The  ﬁxated  bones  were  situated  on a jig  that  allows  3-point  bending  to measure
stiffness  and  load  failure.
Results:  The  stiffness  was  measured  to be mean  3.49 ± 1.49 N/mm  in  group  1. The  stiffness  for  group  2  was
mean 10.41  ± 2.18  N/mm,  and for groups  3 and  4, the  stiffness  was mean  11.89 ±  2.99  N/mm  and  mean
24.44  ±  4.86  N/mm,  respectively.  When  analyzed  with  statistics,  group 1  had  signiﬁcant  differences  from
groups 2 (P  < 0.006),  3  (P < 0.001),  and  4  (P < 0.000),  and  group  4  also  had  statistical  signiﬁcances  from  rest
of  the  groups  (P < 0.000).
Conclusions:  For  2.5  mm  titanium  elastic  nail,  it is necessary  to  make  ﬁxation  with  a titanium  elastic  nail
that  is  longer  than  3 diameter  lengths,  and  length  that  is  longer  than  and  equal  to  3 diameter  length
titanium  elastic  nail  was  required  for 3.5 mm  titanium  elastic  nail  to provide  appropriate  stiffness  for
ﬁrm ﬁxation.  Also,  variances  in  both  thickness  and  length  have  shown  a similar  effect.
Study  design:  Cadaveric  study.
© 2015  Elsevier  Masson  SAS.  All  rights  reserved.. Introduction
Recently, the trend of treatment has shifted from conserva-
ive to operative mean in clavicle fracture, and variety of surgical
reatment techniques have been introduced [1–4]. Among these
echniques, open reduction and plate ﬁxation are the main stream
ethods that provide strong ﬁxation for early rehabilitation and
aintains clavicle length effectively [5]. However, the procedure
as several disadvantages. Some patients may  make cosmetic com-
laint due to long incision scar, and excessive periosteal stripping
ay cause delayed or nonunion [6–8]. To counter the problems in
pen reduction technique, application of titanium elastic nail (TEN)
as been devised lately [9,10]. Although the method has shown
ome promising results, there have not been studies that exam-
ne the theoretical basis of the TEN ﬁxation. Unlike other bones,
∗ Corresponding author at: Department of Orthopedic Surgery, Yonsei University,
onju College of Medicine, Ilsan-ro 20, Wonju-si, 220-701 Gangwon-do, Republic
f Korea. Tel.: +821088780860; fax: +82337467326.
E-mail address: dskim1974@yonsei.ac.kr (D.-S. Kim).
http://dx.doi.org/10.1016/j.otsr.2015.06.023
877-0568/© 2015 Elsevier Masson SAS. All rights reserved.clavicle has 3 dimensional curvature and irregular shape of the
bone’s medullary canal, and these particular characteristics of the
bone make difﬁcult to apply 3-point ﬁxation principle that was
used previously in elastic nail technique [11]. Thus, it is obscure
to estimate proper size and thickness of TEN applied in clavicle ﬁx-
ation that can result in excellent biomechanical properties, and no
study has investigated about the factors that affect the result of the
TEN ﬁxation. The purpose of our study is to examine biomechani-
cal properties of TENs that were applied to cadaveric clavicles with
different thicknesses and lengths. We  hypothesized that longer and
thicker TEN provides ﬁrmer ﬁxation stability.
2. Materials and methods
A total of 12 pairs of cadaveric clavicles were used in this study,
and they did not have any trauma, surgical history to their clav-
icles or diseases that affect the bone metabolism. The mean age
of cadavers was 46.2 years old (36 to 53 years old). There were
12 males. Cadavers were kept under 20 degrees below zero tem-
perature Celsius, and they were thawed in room temperature for
24 hours before the experiment. Soft tissue of removed clavicles
8 tology: Surgery & Research 101 (2015) 823–826
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as completely dissected, and surface was cleaned using acetone.
ach clavicle’s superoinferior and anteroposterior thicknesses were
easured from the midpoint of its axis using dial caliper (Mitutoyo,
awasaki, Japan). Their mean values were calculated to determine
he diameter.
Two standardized TEN thicknesses (Synthes, Bochum, Ger-
any), 2.5 and 3.5 mm,  were determined as variable factors.
ecause length of cadaveric clavicles varied, length/diameter ratio
as chosen to represent standardized ﬁxation length of the bones
o simulate identical length of TEN applied to the bone. When length
 distance between the fracture site and the pin insertion site –
nd diameter were measured in all clavicle specimen, those with
ength/diameter ratio of 1 or 2 were considered impossible for ﬁxa-
ion, and those with ratio of 6 or more were considered excessively
ong that application in the clavicle deemed so intricate. In this
tudy, the ﬁxation length was decided as length/diameter ratio
f 3 and 5. All the samples were divided into 4 groups. Group 1
3–2.5) had clavicles with length/diameter ratio of 3, and the group
as ﬁxated with 2.5 mm  sized TEN. Group 2 (3–3.5) also had same
ength/diameter ratio as the group 1, but 3.5 mm thick TEN was
sed in this group. Both groups 3 (5–2.5) and 4 (5–3.5) had cadav-
ric clavicles with length/diameter ratio of 5, and as was in the
ase of groups 1 and 2, 2.5 mm and 3.5 mm thick TENs were used
n groups 3 and 4, respectively. The groups were assigned with 6
pecimens each.
A short oblique fracture line (AO/OTA classiﬁcation: 15-B1.2)
12] was made with saw at midpoint of the bone. While using
 reduction forceps to maintain reduction, TEN was inserted. To
nsert TEN, an entry hole was set at distances of 3 and 5 times the
iameter of the clavicle from the fracture site. On lower bone edge,
he hole was made with a 2.5 mm drill, and the hole was  dilated
ith an awl. A TEN was then fastened with T-handle, and they were
nserted and advanced laterally [13]. Under ﬂuoroscopy, a TEN was
dvanced to the length of 3 or 5 times the diameter, and proxi-
al  portion of the nail protruding left of the insertion point was
emoved with cutter (Fig. 1).
Cantilever method is an excellent method to evaluate biome-
hanical properties because it can produce similar effect in vivo
hysiologic load to clavicle. However, due to S shaped curvature
f the bone, rotation moment can occur from lateral load during
he bending test, and previous studies [14] had discovered that the
orce creates errors in experimental data owing to TEN’s vulnera-
ility on rotational force. In order to avoid the error, our study used
hree point bending test to measure biomechanical properties.The bone was  situated on 3-point bending jig without ﬁrmly
xing the each end. The contour of 3-point bending jig’s resting
rms is wedge shaped in order to prevent rotation of clavicle
uring axial loading. Load was applied on fracture site to the
Fig. 2. Load to displacementFig. 1. Gross (A) and radiographic (B) pictures of the clavicle with the application
of  titanium elastic nail (TEN).
superoinferior direction [MultiTest 2.5-I, ILC 1000N (loadcell),
Mecmesin Ltd, UK]. Load to failure test was  evaluated by giving
continued force with displacement rate of 10 mm per min  until the
failure of the nail occurred. Bending force was  applied to the bone,
and bending was allowed to 60◦ of the angle between loadcell and
clavicle. To measure force, displacement and stiffness, EmperorTM
program (Mecmesin Ltd, UK) was  used.
Statistical analysis was performed with SPSS version 18.0 (SPSS
Inc., Chicago, IL, USA). ANOVA was  used to ﬁnd statistical signif-
icance that was  set as P-value < 0.05. For multiple comparisons
analysis, we  used Tukey’s post-hoc analysis.
3. Results
The goal of this study was to assess stiffness, yield load, and
maximal load. However, it was  found difﬁcult to obtain values of
yield and maximal loads due to elastic property of TEN. When the
clavicle was tested, a TEN inside the bone underwent plastic defor-
mation without breakage. Thus, in this cadaveric study, persistent
bending of the TEN after the ﬁxation failure did not allow measure
the parameter such as maximal load at a particular instance that
 relations in 4 groups.
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Fig. 3. Fracture failure of titanium elastic nail (TEN) supported clavicle. Even after
the failure, the load is continuously and uniformly applied on the TEN.
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Table 1
Results of multiple comparisons among the 4 groups (a P-value < 0.05 was consid-
ered  signiﬁcant).
Groups Groups Mean Standard deviation P-value
1 2 −6.92 1.817 .006
3  −8.40 1.817 .001
4  −20.96 1.817 .000
2  1 6.92 1.817 .006
3  −1.48 1.817 .847
4  −14.04 1.817 .000
3  1 8.40 1.817 .001
2  1.48 1.817 .847
4  −12.56 1.817 .000
4  1 20.96 1.817 .000ig. 4. Ninety-ﬁve percent conﬁdence interval (95% CI) of stiffness in each group.
as described in previous studies. As observed in load to displace-
ent graph of Fig. 2, we were able to calculate slope (stiffness)
f the graph, but again other values were not easy to characterize
ince the graph showed constant increase by continual loading of
orce even after the failure due to load accumulation on the elas-
ic nail. Whereas it is simple to note the particular point of failure
uring bending of the bone ﬁxated with plate or external ﬁxator,
lasticity in TEN allows no breakage which creates a difﬁculty in
aking a decision on any particular point of failure. This is shown
n Fig. 3. The ﬁgure shows the occurrence of fracture failure dur-
ng bending test, but the load was continuously applied even after
he fracture. Thus, we measured stiffness instead, and it is believed
hat the measurement is not problematic in achieving reasonable
nterpretation in this study. The stiffness was measured to be mean
.49 ± 1.49 N/mm in group 1, mean 10.41 ± 2.18 N/mm in group 2,
ean 11.89 ± 2.99 N/mm in group 3, and mean 24.44 ± 4.86 N/mm
n group 4. Fig. 4 lists 95% conﬁdence interval and mean values
or each group’s stiffness. Table 1 shows the results of multiple
omparisons among the 4 groups.
. Discussion
Clavicle fracture is a common injury [15,16], and it has been tra-
itionally treated conservatively [17,18]. However, disadvantages
19,20] related to conservative management of the clavicle frac-
ure have been reported by many literatures, leading to the shift of
anaging trend toward to surgical method. Recently, many surgical
ethods have been devised, and TEN is one of the newly devel-
ped techniques that have gained an attention lately [21,22]. In2  14.04 1.817 .000
3  12.56 1.817 .000
this study, we compared the discrepancy in stiffness among TENs
with different lengths and thickness, and with the results, we  tried
to demonstrate rationale in the clinical use of TEN.
When compared each group’s stiffness, there showed statisti-
cally signiﬁcant differences between group 1 (3–2.5) and 2 (3–3.5)
(P = 0.006), groups 1 (3–2.5) and 3 (5–2.5) (P = 0.001), groups 1
(3–2.5) and 4 (5–3.5) (P = 0.000), groups 2 (3–3.5) and 4 (5–3.5)
(P = 0.000), and groups 3 (5–2.5) and 4 (5–3.5) (P = 0.000). These
results showed that when the length or thickness of a TEN increases
the stiffness becomes more signiﬁcantly larger and the ﬁxation
becomes more stable. Between groups 2 (3–3.5) and 3 (5–2.5)
(P = 0.847), no statistical signiﬁcance was observed, and this reﬂects
that each variance in both length and thickness worked with same
effect making no difference to each other.
After making comparisons of stiffness among the 4 groups, then
the next question to consider would be whether these values of
stiffness are clinically sufﬁcient to achieve union of the bone. When
compared to Renfree et al.’s [14] stiffness in a group that had 3-point
bending test on synthetic clavicle bone with Rockwood clavicle pin,
it is possible for ﬁxation to fail with the stiffness found in group 1
(3–2.5) (3.49 ± 1.49 N/mm). Certainly, our study cannot be directly
compared to the result of Renfree et al. since they had not used
same nail or fresh cadaver, but it is our consideration that when
using 2.5 mm TEN, TEN with length that is longer than three times
the diameter should be used to ensure stability.
Several literatures with good clinical outcomes in the use of TEN
have been published already. Kadakia et al. [23] noted satisfac-
tory results in the use of TEN, particularly in patient satisfaction
about cosmetic appearance. Jones et al. [9] compared TEN to open
reduction and internal ﬁxation, and conservative treatment, and
they reported that patients with TEN had the best result. However,
despite of the publications that showed good clinical outcomes
using the TEN, its biomechanics has not been studied until now.
Thus, we believe that with our result we provided some evidences
to advocate the clinical use of TEN.
Our study has some limitations. First, we  were limited to only
diaphyseal short oblique fracture type for consideration in the
study. However, to control variables during the study, the use of
this study model was necessary, and it is apparent that commin-
uted fractures with many fragments may  have greater chance of
failure or reduction in stiffness. Second, we did not perform a test
on torsional stability. It is already known that torsion test is difﬁ-
cult to perform due to the shape of clavicle and the characteristic
of TEN [14]. Lastly, different ages of cadaver provided distributed
bone mineral density among clavicles, which may  have affected
the test results. This variability can be solved with larger number
of samples.
When using 2.5 mm TEN, ﬁxation that is longer than length of
three times the diameter is necessary, and for 3.5 mm TEN, proper
stiffness is provided with a length that is longer than and equal to
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hree times the diameter. However, for patients with higher risk of
onunion who are old aged or female gender or have displaced or
omminuted fracture [24], ﬁxation with ﬁve times the diameter is
trongly advised to provide stable and ﬁrm ﬁxation. Also, variances
n both thickness and length have shown a similar effect that was
tatistically indifferent.
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